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Abstract
The High-Altitude Water Cherenkov (HAWC) Observatory is designed to observe extensive air showers produced
by cosmic rays and gamma rays between 50 GeV and 100 TeV. HAWC is unique among existing TeV detectors because
it can be used to observe air showers from a wide range of arrival directions, enabling us to perform a synoptic survey
of the TeV sky. HAWC is also designed to have a high livetime (> 90%), making the detector ideal for observations
of transient sources such as gamma-ray bursts and ﬂaring active galactic nuclei. While the observatory is only partially
built, we have already accumulated one of the largest data sets of TeV air showers ever recorded. Using these data, we
have observed a signiﬁcant anisotropy in the arrival directions of the cosmic rays on angular scales > 60◦ and < 20◦ at
the 10−3 level. We discuss the origin of the anisotropy and compare the data to previous observations by other cosmic-
ray experiments. We also describe our ongoing program to observe gamma-ray bursts and ﬂares in the TeV band and
report current upper limits. Finally, we discuss prospects for the observation of point-like and diﬀuse emission of TeV
gamma rays when HAWC is completed in 2014.
c© 2011 Published by Elsevier Ltd.
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1. Introduction
The High-Altitude Water Cherenkov (HAWC) observatory, currently under construction near Puebla,
Mexico, is a water Cherenkov detector built to observe extensive air showers produced by TeV gamma rays
and cosmic rays. HAWC is located 4100 m above sea level at 18◦59.7′N latitude and 97◦18.6′W longitude.
The site is a 150 m × 150 m graded square located in the relatively ﬂat saddle point between the volcanic
peaks Sierra Negra and Pico de Orizaba, near the eastern end of the trans-Mexican volcanic belt. When
complete, the detector will consist of 300 close-packed cylindrical steel water tanks lined with light-tight
plastic bladders. Each tank is 7.3 m in diameter and 5 m tall and contains 200,000 L of puriﬁed water. The
bottom of every tank is instrumented with four upward-facing photomultiplier tubes: one 10” Hamamtsu
R7081HQE PMT in the center of the tank, and three 8” R5912 PMTs displaced 1.85 m from the center.
Signals from the 1200 PMTs are digitized by CAEN model VX1190 time-to-digital converters located in a
counting house at the center of the tank array.
Water Cherenkov detectors such as HAWC sample air showers at ground level. When an air shower
reaches the ground, the PMTs record the Cherenkov light produced by charged particles passing through the
tanks. Air showers are identiﬁed in software using a simple multiplicity trigger on the number of PMTs with
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signal during a short coincidence window. The relative timing and amplitude of the signals observed in the
PMTs are used to reconstruct the initial arrival directions of the primary cosmic rays or gamma rays which
produced the air showers. The accuracy of the direction reconstruction depends on the number of triggered
PMTs, and hence improves as a function of energy. From simulations of extensive air showers we expect
the angular resolution of the complete HAWC detector to improve from ∼ 1◦ at 100 GeV to < 0.1◦ above
10 TeV [1]. The water Cherenkov technique can also be used to discriminate gamma rays from cosmic rays,
because hadronic air showers tend to produce large isolated regions of charge far from the shower core.
A topological cut on the pattern of hits in the detector is thus suﬃcient to remove 99% of the cosmic-ray
showers above ∼ 2 TeV [1].
The sensitivity of HAWC to point sources of gamma rays is moderate in comparison to pointed mea-
surements by Imaging Air Cherenkov Telescopes (IACTs), which have superior angular resolution and
gamma-hadron discrimination at TeV energies. However, with > 90% uptime and an instantaneous ﬁeld of
view of 2 sr, HAWC can observe 2/3 of the sky in every 24 hour period. As a result the detector is ideally
suited to observe transient sources of gamma-ray emission, as well as extended sources, the diﬀuse ﬂux of
gamma rays, and weak anisotropies in the arrival directions of the cosmic rays.
The construction of HAWC is expected to be complete in summer 2014. We review the ﬁrst gamma-
ray and cosmic-ray results from HAWC in Sections 2 and 3 collected using the 30-, 95-, and 111-tank
conﬁgurations of the detector. We summarize future work in Section 4.
2. Observations of Cosmic Rays
The ﬂux of TeV cosmic rays at Earth is nearly isotropic and roughly three orders of magnitude larger
than the ﬂux of gamma rays from the brightest TeV gamma-ray sources. As a result hadronic showers are
the major source of background in the analysis of gamma rays. However, the cosmic rays are themselves
of signiﬁcant interest, not only as a calibration source for the detector (Section 2.1) but also because they
exhibit a signiﬁcant 10−3 anisotropy that is not well understood (Section 2.2).
2.1. Cosmic-Ray Shadow of the Moon and Sun
Objects in the solar system such as the Sun and Moon absorb Galactic cosmic rays and can produce
observable deﬁcits in the ﬂux of TeV cosmic rays at Earth. Because the location and amplitude of the
deﬁcits can be simulated, they are useful for testing the accuracy and precision of the detector reconstruction
independent of the eﬀectiveness of gamma-hadron separation.
To estimate the amplitude and statistical signiﬁcance of the shadow of the Moon, we bin the sky into
a ﬁne grid with 0.1◦ resolution. As a function of position on the sky, we compare the observed counts of
cosmic-ray events to the expected number of cosmic rays in the absence of the shadow. The expected counts
are estimated from the data themselves using the “direct integration” technique described in [3].
The shadow of the Moon, observed with 10% of the complete array (HAWC-30), is plotted in Moon-
centered equatorial coordinates in Fig. 1. The data include 6×109 well-reconstructed cosmic-ray air showers
recorded between January and April 2013, with the condition that at least 32 PMTs were triggered by each
shower. Using the detector simulation we estimate the median energy of the data set to be about 2 TeV. The
statistical signiﬁcance of the shadow is −15.5σ, and due to the deﬂection of cosmic rays in the geomagnetic
ﬁeld its center is oﬀset from the true position of the Moon by −0.35◦ ± 0.11◦ in right ascension. The oﬀset
can be be simulated by backtracing cosmic rays through a model of the geomagnetic ﬁeld [4], which yields
a predicted oﬀset of −0.56◦ ±0.15◦ [2], consistent with observations. A Gaussian ﬁt to the shadow indicates
that its width in data is 50% wider than in simulation, largely due to a mismatch between the angular
resolution used in data and in simulation (corrected in subsequent versions of the reconstruction). It is in
this sense that the Moon shadow can be used as a diagnostic of the reconstruction of primary cosmic rays
and gamma rays.
Due to the high rate of cosmic rays in HAWC-30, it is also possible to observe the shadow of the Sun in
the cosmic-ray background. The solar shadow is of interest because it can be used to infer the strength and
orientation of the magnetic ﬁeld in the solar corona [5], which is otherwise very diﬃcult to measure. This
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Fig. 1. Left: the shadow of the Moon in cosmic rays observed with 10% of the complete array (HAWC-30), January to April 2013 [2].
Right: the shadow of the Sun observed with HAWC-30, October 2012 to May 2013.
second shadow is shown in Sun-centered equatorial coordinates in Fig. 1 and was calculated using 8.5× 109
air showers recorded between October 2012 and May 2013. The signiﬁcance of the shadow (−6.4σ) is
consistent with expectations for this part of the solar cycle, and its oﬀset is consistent with the deﬂection
due to the geomagnetic ﬁeld.
2.2. Anisotropy of TeV Cosmic Rays
During the past decade a 10−3 anisotropy has been measured in the arrival directions of TeV cosmic
rays by several experiments. In the northern hemisphere, measurements by the Tibet ASγ array [6], Super-
Kamiokande [7], Milagro [8, 9], EAS-TOP [10], MINOS [11], and ARGO-YBJ [12] indicate the exis-
tence of an approximately dipolar 10−3 anisotropy on large angular scales (> 60◦) and more localized 10−4
anisotropies on small angular scales (< 20◦). These results have been conﬁrmed in the southern hemisphere
using data recorded by the IceCube [13, 14, 15] and IceTop [16] detectors. The origin of these anisotropies
are not well understood. However, the large-scale structure is believed to be a consequence of the diﬀusion
of cosmic rays from nearby Galactic sources [17, 18], while the small-scale structure may be produced by
turbulence in the Galactic magnetic ﬁeld [19, 20]. It has also been suggested that the small-scale anisotropy
is the product of exotic decays [21] or the self-annihilation of dark matter [22].
The small-scale anisotropy observed using data from HAWC-30 is shown in Fig. 2 [23]. These data
correspond to 95 days of livetime with 2.2 × 1010 well-reconstructed air showers which triggered at least
15 PMTs. As in the analysis of the Moon shadow, the signiﬁcance map was produced by estimating the
expected isotropic ﬂux of cosmic rays using the “direct integration” method of [3]. After subtraction of the
isotropic expectation, the data were smoothed using a 10◦ tophat function to make the clustering of arrival
directions more readily apparent.
The most notable features in the sky map are two regions of excess counts at right ascension 60◦ and
120◦. The number of independent pixels in the sky map is about 105, and after accounting for look-elsewhere
eﬀects these two hot spots are the only regions of excess (or deﬁcit) which are signiﬁcant at > 5σ. The hot
spots correspond to similar regions of excess observed by the Milagro [8] and ARGO-YBJ [12] observato-
ries.
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Fig. 2. Small-scale anisotropy of the TeV cosmic rays observed with HAWC-30 between January and April 2013. Note that the
signiﬁcance reported does not take trial factors into account.
We note that there are also regions of deﬁcit counts in the sky map. These deﬁcits may be real ﬂuctu-
ations produced by magnetic turbulence, as proposed in [19, 20]. However, it is also well known that the
background integration technique of [3] can produce artiﬁcial deﬁcits around strong regions of excess due
to an “overshoot” eﬀect in the estimation of the background. The investigation of the physical nature of the
deﬁcits will be the subject of a future analysis.
3. Sensitivity to Sources of Gamma Rays
3.1. Point Sources
As discussed in Section 1, the sensitivity of HAWC to point sources of gamma rays can be considered
moderate with respect to pointed observations by the current generation of IACTs. This comparison is
shown in Fig. 3, in which the sensitivity of two conﬁgurations of HAWC (100 and 300 tanks) to a gamma-
ray point source is plotted with the sensitivity of other GeV and TeV observatories. Above 2 TeV, one
year of observations with the complete HAWC-300 detector is roughly equivalent to 50 hours of on-source
observations with an IACT such as HESS or VERITAS. Note that for an imaging telescope, 50 hours of
observation can stretch over several months depending on the declination of the source and the season.
Fig. 3 fails to encapsulate a major advantage of the HAWC detector, which is its large ﬁeld of view.
While the sensitivity above 2 TeV to each point source is comparable to IACTs, the detector can be used
to observe many sources at once. Given the catalog of currently known TeV point sources [24], we expect
HAWC-300 to detect 25 known sources in its ﬁeld of view within one year. This calculation assumes that the
spectra measured below 10 TeV by the IACTs can be extrapolated to 100 TeV (including measured spectral
cutoﬀs), and also uses quiescent-state ﬂuxes for those objects known to produce GeV and TeV ﬂares. It also
does not account for sources which have not yet been surveyed with pointed observations.
HAWC has been recording gamma rays from sources since its operation began in January 2013. Because
the gamma-ray analysis requires a topological cut on the pattern of hits in the array, the sensitivity of the
detector to gamma rays has grown signiﬁcantly as construction has progressed. Fig. 4 shows the detection of
the Crab Nebula at the 6.2σ level made between June and September 2013, when HAWC operated in a 95-
and 111-tank conﬁguration. As in the cosmic-ray analysis described in Section 2, the signiﬁcance map was
produced by calculating an expected isotropic background with the direct integration technique. In this case,
however, the cosmic-ray background was reduced using a basic gamma-hadron discriminator derived from
simulations. We expect that gamma-hadron discrimination will improve signiﬁcantly as HAWC approaches
completion.
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Fig. 3. The sensitivity of HAWC-100 and HAWC-300 to a point source of gamma rays over 1 and 5 years of observations. The curve
labeled HESS/VERITAS is representative of the capabilities of the current generation of imaging air Cherenkov telescopes (IACTs).
The sensitivity of Fermi-LAT to GeV gamma rays is shown at left.
3.2. Transient Sources
One of the main beneﬁts of the water Cherenkov technique is its high uptime. This makes the detec-
tor ideal for observing transient sources of gamma-ray emission such as active galactic nuclei (AGN) and
gamma-ray bursts (GRBs).
Fig. 4 shows the detection of the AGN Markarian 501 made by HAWC between June and September
2013 using the same techniques described in Sections 2 and 3.1. AGN are the most common known sources
of radiation above 100 GeV, and their gamma-ray emission can vary in ﬂux by an order of magnitude on time
scales varying from minutes to months [25]. This unpredictability can make it diﬃcult to dedicate pointed
observations to ﬂaring AGN. Although all IACTs receive ﬂare alerts so they can observe objects known to
be in a ﬂaring state, this is not always possible given observational restrictions imposed by weather, season,
and time of day. The high duty cycle observations provided by HAWC will yield unbiased observations of
AGN on a daily basis. A real-time monitor of light curves from AGN is currently under development so that
HAWC can provide pointed instruments with advance warning of TeV ﬂares [26]. Continuous observation
of many AGN should enhance our understanding of particle acceleration in these objects and improve our
ability to select between competing models describing their high-energy emission.
Bright ﬂares from AGN will enable HAWC to observe very distant sources. Such objects provide
valuable cosmological constraints on primordial radiation ﬁelds such as the extragalactic background light
(EBL), which severely attenuates gamma rays above 10 TeV [27]. The observation of AGN ﬂares from
distant objects can also be used to constrain the strength of the intergalactic magnetic ﬁeld (IGMF) in the
voids between galaxies [28]. An unbiased measurement of many sources over a long period, such as the
synoptic survey planned by HAWC, is required to study the IGMF. Finally, the high photon energies and
cosmological distances accessible in TeV studies of AGN provide valuable probes of fundamental physics,
such as the violation of Lorentz Invariance predicted by many theories of quantum gravity [29].
GRBs are another very powerful source of gamma-ray emission. These are intense bursts of gamma-ray,
X-ray, optical, and radio emission from cosmologically distant sources, and the highest-energy emission can
last from several milliseconds to tens of seconds. The observation of GRBs is well established in the GeV
band, with photons observed at Earth as high as 94 GeV [31]. However, there have not yet been observations
of GRBs which extend above 1 TeV. This may be due to the fact that GRB emission does not extend into the
TeV band, or it may be due to the fact that pointed observations simply have yet to observe a GRB during
its period of high-energy emission. As with AGN, there is a need for unbiased TeV measurements of these
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Fig. 4. Left: 93 days of observations of the Crab Nebula with HAWC-95 and HAWC-111. Right: observation of Markarian 501 with
HAWC-95 and HAWC-111.
objects with a high-uptime instrument.
In HAWC, the expectation that most GRB emission will occur below 100 GeV means that most photons
from GRBs will not pass the simple multiplicity trigger used to form events. Therefore, the analysis of
gamma rays from GRBs includes both triggered events and the HAWC scaler data stream [30, 32, 33].
The scaler analysis is designed to observe a detector-wide increase in PMT count rates produced by a
transient ﬂux of gamma rays. This approach extends the sensitivity of the GRB search well below the energy
threshold of the multiplicity trigger, but with the loss of the reconstructed energy and arrival direction of the
photons. The sensitivity of HAWC to GRBs depends on the position of the source during the ﬂare, as well
as the intrinsic source spectrum. Accounting for the zenith-angle dependence of the detector sensitivity and
attenuation of high-energy gamma rays by the EBL, HAWC is expected to see up to 1.65 GRBs per year
if there are no intrinsic spectral cutoﬀs in the GRBs, and roughly half this rate if the cutoﬀs occur above
300 GeV [34].
One of the brightest GRBs ever recorded (GRB 130427A) occurred in April 2013 during the construction
of HAWC [31]. Although the software trigger was turned oﬀ during a period of detector maintenance, the
scaler system was operating during the GRB and a blind analysis was carried out to search for excess counts
in the detector-wide scaler rate. The results of the analysis are shown in Fig. 5. Plotted are the time-averaged
scaler counts recorded on April 27, 2013, with a gap corresponding to the blinded region ±1200 s around the
time of GRB 130427A. The histogram in Fig. 5 shows the distribution of residual counts in the unblinded
region; this distribution is consistent with background. Unfortunately, GRB 130427A was not located in an
optimal position for HAWC; at the time of the ﬂare the source was located at a zenith angle of 57◦. Should a
similar GRB ﬂare near the detector zenith, where the sensitivity is 100 times larger and the energy threshold
is considerably lower, there will be a much stronger chance of detection.
3.3. Extended and Diﬀuse Gamma-Ray Emission
A major advantage of the water Cherenkov technique is the sensitivity of detectors such as HAWC to the
ﬂux from extended and diﬀuse sources of gamma rays. In this context an extended source is an object which
is larger than the angular resolution of the detector (and almost by deﬁnition a Galactic source). HAWC
can easily obtain the ﬂux from an extended source because the isotropic background expectation can be
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Fig. 5. Left: summed PMT count rates from the HAWC-30 detector during April 27, 2013 (black dots), shown with moving average
(red line). The gap in the data corresponds to a blinded region ±1200 s around GRB 130427A. Right: a histogram of the residuals
between the counts in the unblinded region and the moving average. The result is consistent with background. Figures taken from [30].
calculated from the data in a ﬁeld of view that spans thousands of square degrees. Diﬀuse emission refers to
unresolved point sources as well as the gamma rays produced when Galactic cosmic rays interact with dust
and gas in the plane of the Galaxy. Measurements of the diﬀuse ﬂux require a synoptic survey instrument
such as Fermi-LAT or HAWC.
One of the most interesting extended sources of TeV gamma-ray emission lies in the constellation
Cygnus [35]. This region, located in the plane of the Galaxy at a galactic longitude of 80◦, contains a
large association of young massive stars that are thought to accelerate Galactic cosmic rays. The Fermi-
LAT collaboration has reported a region in Cygnus of enhanced gamma-ray ﬂux known as the “cocoon” that
is consistent with cosmic-ray acceleration [36], and at TeV energies Milagro observed gamma rays from
two extended hard-spectrum sources in this region [37]. The full HAWC detector will have 15 times the
sensitivity of Milagro and an angular resolution that is 5 times smaller at 10 TeV, and will be able to map
this region of the sky in great detail.
The diﬀuse ﬂux of gamma rays is also expected to be a probe of the acceleration of cosmic rays in the
Galaxy. Galactic diﬀuse emission is typically modeled as the sum of several hadronic and leptonic processes:
at high energies, the decay of π0 particles produced by hadronic cosmic-ray interactions with Galactic mat-
ter; and at lower energies, the inverse Compton scattering of cosmic-ray electrons oﬀ of interstellar radiation
ﬁelds and the brehmsstrahlung produced by cosmic-ray electrons [38].
HAWC should be sensitive to diﬀuse emission from the Galactic plane, and the analysis can be carried
out much like the study of the anisotropy of the cosmic rays; i.e., with the subtraction of an isotropic “back-
ground” ﬂux estimated from the data themselves. Fig. 6 shows a simulation of such an analysis. Gamma
rays from bremsstrahlung, inverse Compton scattering, and π0 decay were simulated with GALPROP [39]
and injected on top of a large cosmic-ray background, with all components accounting for the estimated
detector response of HAWC-300. An anisotropy analysis was then carried out to search for the diﬀuse
emission.
Figure 6 shows a region of signiﬁcant gamma-ray excess near the Galactic Plane, where the bulk of
diﬀuse emission is expected to occur. This region, covering hundreds of square degrees, should be visible
to the full HAWC detector after three years of operation. A similar analysis can be performed to search for
diﬀuse emission from other regions of the Galaxy, for example, to search for TeV counterparts to the Fermi
Bubbles at high galactic latitude [38, 40].
The diﬀuse gamma-ray ﬂux at TeV is also expected to include an isotropic extragalactic component,
which will include contributions from extragalactic cosmic rays, signatures of large-scale structure forma-
tion, and other processes (see references in [41]). The measurement of an isotropic diﬀuse ﬂux cannot be
accomplished using a background estimation technique based on data alone. Instead, diﬀuse and pointlike
foregrounds must be carefully modeled and substracted from the gamma-ray sky in order to observe the
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Fig. 6. Simulation of the signiﬁcance of Galactic diﬀuse gamma rays observed with HAWC-300. Gamma rays from bremsstrahlung,
inverse Compton scattering, and π0 decay were simulated and added to a large cosmic-ray background, and then passed through the
standard anisotropy analysis (see Section 2 for a description).
isotropic gamma-ray background. This diﬃcult measurement is, in principle, possible for HAWC, and it
will be the subject of a future analysis.
4. Conclusion
The HAWC gamma-ray observatory is currently nearing completion. Data from the partial array have
been analyzed and have already yielded highly signiﬁcant measurements of the cosmic-ray shadow of the
Sun and Moon and the anisotropy of the TeV cosmic rays. In addition, several bright Galactic and extra-
galactic sources of gamma rays such as the Crab Nebula andMarkarian 421 and 501 have been observed with
90 days of HAWC-95 and HAWC-111. As construction continues we expect the observation of gamma-ray
sources to increase as the detector grows and the gamma-hadron discrimination of the detector improves.
Observations of the diﬀuse ﬂux of cosmic rays will need to wait until after the ﬁrst year of running the
complete detector. In the meantime, we will begin the analysis of extended Galactic sources and continue
the search for bright ﬂares in the HAWC data.
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